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•  Quan+ta+ve	  trait	  locus	  (QTL)	  analysis	  (2008)	  
•  Finding	  the	  sources	  of	  missing	  heritability	  in	  a	  
yeast	  cross	  (2013)	  
•  Gene+cs	  of	  single-­‐cell	  protein	  abundance	  
varia+on	  in	  large	  yeast	  popula+ons	  (2013,	  In	  
press)	  To	  discuss	  next	  +me	  
Quan+ta+ve	  trait	  locus	  (QTL)	  
analysis	  
Miles,	  C.	  &	  Wayne,	  M.	  .	  Nature	  Educa+on	  1(1)	  (2008)	  	  
Miles,	  C.	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  (2008)	  Quan+ta+ve	  trait	  locus	  (QTL)	  analysis.	  Nature	  Educa+on	  1(1)	  
Some	  major	  ques+ons	  and	  techniques 	  	  
•  A	  few	  loci	  with	  large	  eﬀects	  or	  many	  loci	  with	  
minute	  eﬀects?	  
•  Sample	  size	  maVers?	  Interac+ons?	  
•  Limita+ons:	  large	  sample	  size,	  only	  map	  
diﬀerences	  between	  the	  ini+al	  parental	  strains,	  
speciﬁc	  alleles	  may	  not	  be	  relevant	  to	  natural	  
popula+ons,	  small	  number	  of	  genes	  were	  
iden+ﬁed	  
•  eQTL,	  pQTL	  	  
•  Maybe	  in	  combina+on	  with	  GWAS	  or	  
combina+on	  of	  diﬀerent	  QTL	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Finding	  the	  sources	  of	  missing	  
heritability	  in	  a	  yeast	  cross	   
Bloom,	  J.	  S.,	  Ehrenreich,	  I.	  M.,	  Loo,	  W.	  T.,	  Lite,	  T.-­‐L.	  V.	  &	  Kruglyak,	  L.	  Nature	  494,	  234–
237	  (2013).	  
Mo+va+on	  
•  GWAS	  has	  underscored	  the	  problem	  of	  
missing	  heritability.	  
•  Sample	  sizes,	  minimal	  eﬀects	  to	  ever	  be	  
individually	  detected.	  
•  Epistasis	  interac+ons	  may	  inﬂate	  heritability	  
measures.	  
•  Structural	  varia+ons,	  G	  x	  E	  interac+ons,	  parent	  
of	  origin	  eﬀects,	  heritable	  epigene+c	  factors	  
•  Direct	  es+mates	  of	  heritability,	  G	  x	  G	  
interac+ons,	  or	  locus	  eﬀect	  size	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  V.	  &	  Kruglyak,	  L.	  Nature	  494,	  234–
237	  (2013).	  
Methods	  
•  Sequencing	  step	  
•  Phenotyping	  by	  end-­‐point	  growth	  on	  agar	  
plates	  
•  Deﬁni+on	  of	  gene+c	  factors	  
•  Calcula+ng	  heritability	  
•  QTL	  mapping	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The	  design	  of	  the	  segregant	  panel	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Methods	  
•  Construc+on	  of	  segregant	  panel	  (1008)	  
•  Phenotyping	  by	  end-­‐point	  growth	  on	  agar	  
plates	  
•  Deﬁni+on	  of	  gene+c	  factors	  
•  Calcula+ng	  heritability	  
•  QTL	  mapping	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Sequencing	  step	  
•  DNA	  prepara+on	  and	  sequencing	  library	  
construc+on	  
•  Illumia	  HiSeq	  2000	  sequencing	  
•  sequenced	  the	  parent	  strains	  to	  high	  coverage	  
•  compared	  the	  sequences	  to	  deﬁne	  30,594	  
high-­‐conﬁdence	  SNPs	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Counts	  of	  sequencing	  reads	  at	  SNP	  sites	  are	  ploVed	  (Y-­‐axis)	  against	  genome	  posi+on	  
(X-­‐axis)	  for	  a	  representa+ve	  segregant;	  the	  orange	  (BY)	  and	  purple	  (RM)	  bars	  indicate	  
parental	  haplotype	  calls,	  and	  the	  ver+cal	  black	  bars	  delineate	  chromosomes	  
JS	  Bloom	  et	  al.	  Nature	  000,	  1-­‐4	  (2013)	  doi:10.1038/
nature11867	  
Methods	  
•  Construc+on	  of	  segregant	  panel	  (1008)	  
•  Sequencing	  step	  
•  Deﬁni+on	  of	  gene+c	  factors	  
•  Calcula+ng	  heritability	  
•  QTL	  mapping	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Phenotyping	  by	  end-­‐point	  growth	  	  
•  Custom	  R	  code	  was	  wriVen	  to	  determine	  the	  size	  
of	  each	  colony.	  
•  Images	  were	  segmented	  using	  k-­‐means	  clustering	  
on	  the	  distribu+on	  of	  pixel	  intensi+es	  across	  a	  
plate.	  
•  Radius:	  
•  QC	  with	  certain	  thresholds	  
•  a	  robust	  locally	  weighted	  regression	  was	  ﬁt	  to	  the	  
radius	  measurements	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(C)	  An	  image	  of	  endpoint	  colony	  growth	  is	  shown	  for	  384	  segregants,	  with	  the	  
outlines	  of	  colonies,	  as	  detected	  by	  our	  image	  processing	  somware,	  indicated	  in	  red.	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  (2013).	  










































Figure S2.  Spearman correlation coefficients for all pairs of traits are shown. Numbers in table 
cells indicate (100 * correlation coefficient). 
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Spearman	  correla+on	  
coeﬃcients	  for	  all	  pairs	  of	  traits	  
are	  shown.	  	  
Numbers	  in	  table	  	  cells	  indicate	  	  
(100	  *	  correla+on	  coeﬃcient).	  
Methods	  
•  Construc+on	  of	  segregant	  panel	  (1008)	  
•  Sequencing	  step	  
•  Phenotyping	  by	  end-­‐point	  growth	  on	  agar	  
plates	  
•  Calcula+ng	  heritability	  
•  QTL	  mapping	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Deﬁni+on	  of	  gene+c	  factors	  
•  Phenotypic	  varia+on:	  
contribu+on	  of	  heritable	  gene+c	  factors	  (broad-­‐sense	  
heritability)	  
measurement	  errors	  
other	  random	  environmental	  eﬀects.	  	  
•  Broad-­‐	  sense	  heritability:	  
contribu+on	  of	  addi+ve	  gene+c	  factors	  (narrow-­‐sense	  
heritability)	  
dominance	  eﬀects	  
gene–gene	  interac+ons	  (diﬀerences)	  
gene–environment	  interac+ons	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Methods	  
•  Construc+on	  of	  segregant	  panel	  (1008)	  
•  Sequencing	  step	  
•  Phenotyping	  by	  end-­‐point	  growth	  on	  agar	  
plates	  
•  Deﬁni+on	  of	  gene+c	  factors	  
•  QTL	  mapping	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Calcula+ng	  heritability	  
•  Broad-­‐sense	  heritability	  was	  calculated	  using	  
replicated	  segregant	  data	  and	  a	  random	  
eﬀects	  analysis	  of	  variance.	  
•  Narrow-­‐sense	  heritability	  was	  calculated	  for	  
each	  trait	  using	  a	  linear	  mixed	  model.	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Heritability	  for	  46	  yeast	  traits.	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Methods	  
•  Construc+on	  of	  segregant	  panel	  (1008)	  
•  Sequencing	  step	  
•  Phenotyping	  by	  end-­‐point	  growth	  on	  agar	  
plates	  
•  Deﬁni+on	  of	  gene+c	  factors	  
•  Calcula+ng	  heritability	  
Bloom,	  J.	  S.,	  Ehrenreich,	  I.	  M.,	  Loo,	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  Lite,	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  V.	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  Nature	  494,	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237	  (2013).	  
QTL	  mapping	  
•  a	  step-­‐wise	  forward-­‐search	  approach	  to	  
detect	  QTL	  
•  build	  a	  mul+ple-­‐regression	  model	  
•  detected	  a	  total	  of	  591	  QTL	  for	  46	  traits	  at	  an	  
empirical	  false-­‐discovery	  rate	  (FDR)	  of	  5%	  
•  observed	  varying	  degrees	  of	  trait	  complexity,	  
with	  a	  minimumof	  5,	  a	  maximumof	  29	  and	  a	  
median	  of	  12	  QTL	  per	  trait	  
Bloom,	  J.	  S.,	  Ehrenreich,	  I.	  M.,	  Loo,	  W.	  T.,	  Lite,	  T.-­‐L.	  V.	  &	  Kruglyak,	  L.	  Nature	  494,	  234–
237	  (2013).	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  Bloom	  et	  al.	  Nature	  000,	  1-­‐4	  (2013)	  doi:10.1038/
nature11867	  
A	  histogram	  of	  QTL	  eﬀect	  sizes	  across	  all	  traits	  is	  ploVed,	  showing	  that	  most	  detected	  QTL	  have	  
small	  eﬀects.	  Eﬀect	  size	  here	  is	  the	  absolute	  value	  of	  the	  standardized	  diﬀerence	  in	  allelic	  means	  
for	  each	  QTL.	  (The	  blue	  line	  :	  a	  ﬁt	  of	  a	  truncated	  exponen+al	  distribu+on	  of	  eﬀect	  sizes.)	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  Nature	  000,	  1-­‐4	  (2013)	  doi:10.1038/
nature11867	  
For	  each	  trait,	  the	  eﬀect	  sizes	  of	  detected	  QTL	  are	  sorted	  from	  largest	  to	  smallest,	  and	  the	  
cumula+ve	  phenotypic	  variance	  explained	  is	  ploVed	  (Y-­‐axis)	  against	  the	  number	  of	  detected	  QTL	  
(X-­‐axis).	  	  
JS	  Bloom	  et	  al.	  Nature	  000,	  1-­‐4	  (2013)	  doi:10.1038/
nature11867	  
Most	  addi+ve	  heritability	  is	  explained	  by	  detected	  QTL.	  
JS	  Bloom	  et	  al.	  Nature	  000,	  1-­‐4	  (2013)	  doi:10.1038/
nature11867	  
QTL	  detec+on	  for	  a	  complex	  trait.	  
(B)	  Sta+s+cal	  power	  are	  shown	  for	  mapping	  popula+ons	  of	  100	  (blue)	  and	  1000	  (red)	  
segregants	  at	  a	  genomewide	  signiﬁcance	  threshold.	  
JS	  Bloom	  et	  al.	  Nature	  000,	  1-­‐4	  (2013)	  doi:10.1038/
nature11867	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Predic+on	  of	  segregant	  trait	  values	  from	  QTL	  phenotypes.	  
QTL-­‐QTL	  interac+ons	  
•  diﬀerences	  between	  the	  es+mates	  of	  broad-­‐
sense	  and	  narrow-­‐sense	  heritability.	  
•  two-­‐locus	  interac+ons.	  	  
•  ﬁrst	  performed	  an	  exhaus+ve	  two-­‐
dimensional	  scan	  for	  pairwise	  interac+ons	  
(large	  search	  space,	  low	  power)	  
•  17	  of	  the	  46	  traits,	  with	  a	  total	  of	  23	  
interac+ng	  locus	  pairs	  
QTL-­‐QTL	  interac+ons	  –	  cont.	  
•  tes+ng	  only	  for	  interac+ons	  between	  each	  
locus	  with	  signiﬁcant	  addi.ve	  eﬀects	  and	  the	  
rest	  of	  the	  genome	  
•  detected	  interac+ons	  for	  24	  of	  the	  46	  traits,	  
with	  a	  total	  of	  78	  QTL–QTL	  interac+ons	  
•  a	  minimumof	  1	  and	  a	  maximum	  of	  16	  pairwise	  
interac+ons	  per	  trait	  
JS	  Bloom	  et	  al.	  Nature	  000,	  1-­‐4	  (2013)	  doi:10.1038/
nature11867	  
Non-­‐addi+ve	  gene+c	  variance	  explained	  by	  QTL–QTL	  interac+ons.	  
Conclusion	  
•  Large	  panel	  of	  segregants	  from	  a	  cross	  in	  two	  
yeast	  strains,	  short	  read	  sequencing	  
•  total	  and	  addi+ve	  heritability,	  and	  interac+ons	  
•  Consistent	  with	  the	  sugges+ons	  that	  missing	  
addi+ve	  heritability	  arises	  primarily	  from	  many	  
loci	  with	  small	  but	  not	  inﬁnitesimal	  eﬀects.(Can	  
be	  discovered	  with	  large	  sample	  sizes)	  
•  Future	  work:	  delineate	  the	  contribu+ons	  of	  
common	  and	  rare	  variants	  to	  inherited	  varia+on	  
Gene+cs	  of	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